Abstract. We studied the detailed structure of the subducted Philippine Sea plate beneath northeast Taiwan where oblique subduction, regional collision, and back arc opening are all actively occurring. Simultaneous inversion for velocity structure and earthquake hypocenters are performed using the vast, high-quality data recorded by the Taiwan Seismic Network. We further supplement the inversion results with earthquake source parameters determined from inversion of teleseismic P and $H waveforms, a critical step to define the position of plate interface and the state of strain within the subducted slab. The most interesting feature is that relocated hypocenters tend to occur along a two-layered structure. The upper layer is located immediately below the plate interface and extends down to 70-80 krn at a dip of 40 ø-50 ø. Below approximately 100 km, the dip increases dramatically to 700-80 ø. The lower layer commences at 45-50 km and stays approximately parallel to the upper layer with a separation of 15+5 km in between down to 70-80 km. Below that the separation decreases and the two layers seem to gradually merge into one Wadati-Benioff Zone. We propose to term the classic double seismic zones observed beneath Japan and Kuril as "type I" and that we observed as "type II," respectively. A global survey indicates that type II double seismic zones are also observed in New Zealand near the southernmost North Island, Cascadia, just north of the Mendocino triple junction, and the Cook Inlet area of Alaska. All of them are located near the terrnini of subducted slabs in a tectonic setting of oblique subduction. We interpret the seismogenesis of type II double seismic zones as reflecting the lateral compressive stress between the subducted plate and the adjacent lithosphere (originming from oblique subduction) and the downdip extension (from slab pulling force). The upper seismic layer represents seismicity occurring in the upper crust of a subducted plate and/or along the plate interface, whereas the lower layer is associated with events in the uppermost mantle.
1 and Plate 1) [Shin, 1993] . We further supplement the result with earthquake focal mechanisms and depths determined from inversion of teleseismic P and $H waveforms. This step provides critical information on the nature of distinct seismogenic structures and hence avoids the possibility of mistaking the interplate thrust zone or structures in the overriding plate as the Wadati-Benioff Zone (WBZ) [e.g., Chen, 1991, 1995; $eno and Kroeger, 1983] . In the following text we first examine the local seismicity along two profiles, one directly beneath NE Taiwan and another in the near offshore, to identify the overall configuration of the subducted Philippine Sea plate. The effects of regional collision are identified from the changing patterns of earthquake focal mechanisms. Then we show the results of joint inversion of 3-D velocity tomography and earthquake relocation. The most interesting feature of our results is that relocated hypocenters tend to form a two-layered structure (a double seismic zone). It differs from the classic double seismic zones (e.g., those observed beneath the Japan and Kuril arcs) in both geometry and depth range. To avoid any confusion, we propose to term the classic double seismic zones as "type I" and that we observed as "type II," respectively. We also find that the dip of WBZ steepens at depths greater than -90 km.
Finally, we compare our results to similar studies in other major subduction zones and discuss the corresponding tectonic implications. It is noted that type II double seismic zones were documented previously along three regions: New Zealand near the southernmost North Island [e.g., Reyners et al., 1997], Cascadia just north of the Mendocino triple junction [e.g., Smith and Knapp, 1993] , and Alaska in the Cook Inlet area [e.g., Ratchkovsky et al., 1997] . All four regions have a common tectonic setting, that is, located near the terminus of an oblique subduction system with a significant lateral compressive stress field. We interpret the observed two layers of a type II double seismic zone as earthquakes in the subducted (and probably thickened) crust and uppermost mantle, respectively. The regional collision and subduction provide the necessary deviatoric stresses for the seismogenesis in the corresponding layers. Such an interpretation can also explain the large geometric variation of WBZ at depth.
Local Seismicity and Focal Mechanisms
Plate 1 shows the distribution of seismicity between 1991 and 1996 reported by the Seismological Observation Center of the Central Weather Bureau, Taiwan, along with the locations of local seismographic stations. While shallow seismicity is very intense along the eastern coastline and offshore, most earthquakes deeper than -60 km occurred within the WBZ striking-E-W that extends westward beneath NE Tai The intraplate seismicity within the subducted plate seems to distribute along a two-layered structure that spans from-40 to-80 km.
--100 Figure 2 ). In Figure 3 , local seismicity (Plate 1) and focal mechanisms (Figure 2 ) are plotted together along two profiles trending N15øE-S15øW, a direction approximately perpendicular to the strike of the subducted slab. Along the eastern profile A-A', the configuration of seismogenic structures is basically the same as that in the southern Ryukyu arc [e.g., Kao and Chen, 1991] . While intense seismicity was found along the plate interface and in the back arc region, lateral compressional earthquakes were observed at some greater depths (_<50 km). The WBZ has an average dip of 400-50 ø, as clearly defined by numerous intraplate earthquakes occurred between 60 and 130 km. Below that, it seems to steepen slightly to-60 ø , although the number of events is significantly less.
On the other hand, seismic patterns along profile B-B' show two major features. For depths >40 km, the subducted Philippine Sea plate extends westward to beneath this profile and is clearly visible. The plate boundary at shallow depth, however, is greatly distorted and located to the east of this profile [Kao et aL, 1998a] , as represented by event 21 showing typical low-angle thrust mechanism (Table 1 and Figure  2 ). The densely distributed earthquakes at depths <40 km show predominating thrust faulting with P-axes in E-W/NE-SW directions (Figures 2 and 3) . They presumably reflect the ongoing process of collision and may not be associated with the subduction of Philippine Sea plate at all. Setting aside the collision-related events at shallow depths, intraplate seis-micity within the subducted lithosphere seems to distribute along a two-layered structure that spans from-40 to-80 km. At a first glance, this could be an artifact from depth uncertainty. However, as we shall illustrate in the next section, the two-layered distribution of seismicity becomes even better defined after the joint inversion of 3-D velocity tomography and earthquake relocation. The average dip of the WBZ seems to increase with depth from-35 ø at 40 km to-65 ø at >100 km.
It is interesting to note that events showing P axes parallel to the local strike of the arc are all confined at depths less than -100 km (Figure 3) . These lateral compressional events also show consistent T axes in the downdip direction of the subducted slab if they occurred between 40 and 100 kin, presumably within the WBZ (e.g., events 1, 2, 3, 5, 7, 13, 17 in profile A-A' and events 8, 11, 28 in profile B-B'; Figure 3) . Such a pattern can be explained as the result of interaction between the compressive stress regime due to regional collision (which is most significant within the lithosphere in the lateral direction [Kao and Chen, 1991] ) and the downdip extensional stress regime due to slab subduction [e.g., Spence, 1987] . Furthermore, there seems to have no obvious difference between the fbcal mechanisms of events in the upper (events 1 and 28) and lower (events 2, 3, 5, 7, 8, 11, 13, and 17) layers.
Three-Dimensional Tomography and Relocation of Earthquake Hypocenters
With the help of focal mechanisms of large and moderatesized earthquakes, it is rather straightforward to identify the state of strain of various seismogenic structures. Nonetheless, the locations of hypocenters reported in local bulletins might lack the required resolution to constrain the detailed geometry of the subducted slab because possible mislocation resulted from assuming a 1-D layered model could introduce some artifacts to the image. Such examples have been suggested by many previous studies to explain an apparent kink of WBZ at -100 km beneath the Alaska-Aleutian arc [e.g., Frohlich et al., 1982; Hauksson, 1985; McLaren and Frohlich, 1985] .
Consequently, we perform a joint inversion for 3-D velocity tomography and earthquake relocation by taking advantage of the vast, high-quality digital data recorded by the Taiwan Seismic Network. Considering the distribution of seismic stations (and therefore the tomographic resolution of data; Plate 1), we focus our efforts on the NE Taiwan region that is completely covered by the network. The most interesting feature in Plate 2a is the significant diffbrence in the seismic patterns within the subducted Philippine Sea plate at greater depths and in the collision zone at shallow depths. In the collision zone, earthquakes take place more or less uniformly between 0 and 50 kin, whereas in the Philippine Sea plate earthquakes tend to occur along a twolayered structure and form an apparent double seismic zone. The location of the upper layer is immediately below the interplate thrust zone inferred from earthquake focal mechanisms ( Three inferences can be concluded from these results. First, the tomographic images obtained from the inversion of real data are, on the whole, correctly reconstructed from the synthetic data. Second, the resolution is generally good for the obtained images. All the important tomographic features (e.g., the subducted lithosphere and the Okinawa trough) have spread functions less than 3, indicating that they are not artifacts due to insufficient data resolution. Finally, although the resultant hypocenters from inversion of the synthetic data are more scattered than that from real data, main patterns of earthquake distribution remain unchanged.
Notice that the difference in calculated travel time using between the Cartesian coordinate (Thurber's code, this study) and the spherical coordinate (which should be used for the Earth being a sphere) may exceed 0.1 s if the epicentral distances and focal depths are greater than -120 and 100 km, respectively [Sato, 1978] . Such a calculated travel time error (0.1 s) is slightly higher than the overall reading error of our data set and may affect the resolution of the resulted velocity images and/or the relocated hypocenters. Fortunately, less than 0.5% of our data are in the ray path range corresponding to greater travel time errors and all of them have focal depths >100 km, thus having little effect on the focus (depths < 80 km) of the present study. Another source of mislocation is due to the poor azimuthal coverage and/or limited aperture of local networks. According to the control study of McLaren and Frohtich [1985] , earthquake hypocenters located by a local network with most stations distributed along the strike of arc (i.e., on small volcanic islands) could be shifted by as much as 100 km. Furthermore, there would be an apparent increase in the dip of WBZ beneath a certain depth.
In our case, owing to the unique tectonic setting of arccontinent collision, the station distribution is excellent such that the local network has sufficient aperture in both alongand normal-to-the-arc directions (Figure 4) . This advantage provides tight constraints on the earthquake hypocenters and thus significantly reduces the possible location error. As far as the slab effect is concerned, we have performed joint inversion of 3-D velocity tomography and earthquake relocation, a process that automatically takes various velocity anomalies into account, including not only the high velocity subducted Philippine Sea slab but also the low-velocity Okinawa trough at shallower depths. Hence we believe that the various effects ofhypocentral mislocation on our results should be minimum.
Finally, it is noted that the mislocation resulted from either 3-D velocity complexity or inadequate network configuration is by no means random but systematically increasing with depth [e.g., McLaren and Frohtich, 1985] . Thus even if the slab effects cannot be completely eliminated, the most we would expect is a slight change in the dip angle of WBZ at depth. It seems unlikely to radically overthrow our inferences of the existence of a type II double seismic zone between 40 and 100 km and the significant geometric variation of the subducted Philippine Sea plate. The event took place near the top of the lower seismic zone at 65 km and the recording station (TWA) is in northern Taiwan (Figures 4 and 6b) . The particle motion of the prominent converted phase (marked by an "X" in Figure 6a ) clearly resembles that of the P rather than $ phases, suggesting that it is probably an $-to-P conversion at the top boundary of the subducted plate. The time differences from P to X and from X to $ are 1.69 and 6.25 s, respectively. Given the 3-D velocity model (Plate 2 and Figure 5) , they correspond to a boundary 17-20 km above the hypocenter (Figure 6b) , a pattem remarkably consistent with our previous conclusion. Unfortunately, we were unable to find sufficient number of clear converted phases to map out the boundary of the subducted plate in further detail. Future deployment of a densely distributed high-resolution broadband array in the region would probably be necessary to resolve the issue. To prevent further confusion between the double seismic zone mentioned above and the one we observed beneath NE Taiwan, we propose to term the two as "type I" and "type II," respectively. The geometry of a type II double seismic zone differs from that of a type I in several aspects, as summarized in Table 2 . First, the lower layer of seismicity initiates at a much shallower depth, around 20-40 instead of 70 km. Second, the separation between the two layers is at most 15-½5 km, which is approximately half of that observed for a type I double seismic zone. Furthermore, the merge of the two layers takes place at a much shallower depth (<150 km). Notice that a type II double seismic zone is hard to identify because the smaller separation between the two layers requires a higher resolution in locating earthquake hypocenters, a condition not easily met by most local networks on island arcs. Fortunately, the situation has improved significantly over the past decade, mainly due to the rapid advance in the technical aspect of seismological observation and a better understanding of velocity structures in subduction zones. It is rather encouraging to note that NE Taiwan Figure 7 shows the overall tectonic settings and cross sections for the New Zealand, Cascadia, and Alaska regions where the type II double seismic zones were reported. Despite that NE Taiwan seems to differ from these regions in many aspects, it is rather interesting to find a common tectonic characteristic among them.
Interpretations and Discussion
Beneath NE Taiwan Wilson, 1989 Wilson, , 1993 , the overall tectonic framework is well understood. There are three major components: an oblique subduction system between the Gorda plate and North America plate, an E-W Mendocino transform fault that separates the Gorda plate from the Pacific plate, and the so-called In conclusion, all regions where type II double seismic zones are found seem to share a common tectonic setting, namely, oblique subduction with significant lateral compression between the subducted plate and the adjacent lithosphere.
Furthermore, all of them are within a short distance from the termini of the subducted slabs where the lateral compression is expected to be the greatest.
Seismogenic Origin
As demonstrated that a type II double seismic zone is unique in its geometry and tectonic characteristic, does it mean that the seismogenic origin of a type II double seismic zone is fundamentally different from that of a type I? Given the knowledge we have, how much can we address this issue?
Generally speaking, the occurrence of earthquakes requires two conditions. The first is the presence of sufficient deviatoric stress that generates the shear deformation and the second is the adequate mechanism(s) that can store and release the strain in a seismogenic way. The occurrence of a double seismic zone is getting more complicated because we need to simultaneously explain seismogenesis along both layers. As far as the source of stress is concerned, proposed interpretations include unbending of the subducted plate [e.g., Engdahl We propose that the compressive stress between the end of a subducted plate and the adjacent lithosphere (i.e., the lateral component of the oblique subduction) to be the source of stress responsible for type II double seismic zones. This stress regime, together with the downdip extension from slab pulling force, can explain the consistent patterns of lateral compression and downdip extension shown by most focal mechanisms found in type II double seismic zones.
From our observations alone, it is somewhat difficult to determine the corresponding seismogenic mechanism(s). Nonetheless, because the 15+5 km separation between the two layers is comparable to the thickness of the crust, it is possible to regard the observed upper seismic layer as seismicity occurred in the upper crust of a subducted plate and/or along the plate interface, whereas the lower layer is associated with events in the uppermost mantle (Figure 6b) It is noted that the separation (15+5 km) between the two layers of the type II double seismic zone observed beneath NE Taiwan is slightly larger than the thickness of a normal oceanic crust (-10 km). We attribute it to the possible crustal thickening, which in turn, is due to the collision between the Philippine Sea and Eurasia plates in the region. A recent earthquake study using local broadband data confirms that there is significant thrust deformation within the Philippine Sea plate offshore east of Taiwan [Kao et al., 1998b] . In addition, because the Coastal Range, which is part of the former Luzon arc, is located directly updip of the observed type II double seismic zone, the thickened crust might also correspond to the subducted arc materials. 
Dip Increase of WBZ and Regional Collision
In addition to the lateral compression transmitted within the subducted slab, the unique tectonic setting might also affect the geometry of the subducted plate as well. From our results, the dip of the subducted Philippine Sea plate increases significantly with depth, particularly for depths greater than -90 km. This is evident both from the tomographic images and the distribution of earthquake hypocenters (Plate 2 and Figure 5 ).
The gravitational instability is certainly one of the most straightforward interpretations for the geometric variation of a subducted slab. On the basis of our previous discussion, there are major phase transitions at this depth range that can contribute to the dip increase (e.g., dehydration, basalt/gabbro to eclogite transition, and Al-rich enstatite to Al-poor enstatite plus garnet). In addition, the seismogenic model of Kao and Liu [1995] suggests that intermediate-depth earthquakes would gradually migrate toward the interior of the subducted plate, causing an apparent dip increase of WBZ that is slightly larger than that of the slab itself (Figure 6b) Notice the collision is most effective within the lithosphere, hence it is expected to find the biggest dip increase immediately below the bottom of the overriding plate (presumably at -90-100 km). This is consistent with our observation in NE Taiwan (Plate 2 and Figure 5 ), New Zealand, and Alaska ( Figure 7) . As for the subduction zone in Cascadia near Mendocino triple junction, the system does not seem to reach the scale of regional collision. Also, the subducted slab does not extend to the intermediate depth. Therefore we expect no obvious geometric change to be found there.
Conclusion
The tectonic setting of northeast Taiwan is complicated by the simultaneous presence of oblique subduction, region collision, and back arc opening. Detailed structures of the subducted Philippine Sea plate beneath the region are mapped by seismic tomography using high-quality digital data recorded by the Taiwan Seismic Network. We further supplement the inversion results with earthquake source parameters determined from inversion of teleseismic P and SH waveforms. This step is critical to define the position of the plate interface and hence avoid the possibility of mistaking the interplate thrust zone or structures in the overriding plate as the WBZ. The most interesting feature is that earthquakes within the subducted Philippine Sea plate tend to occur along a twolayered structure (a double seismic zone). The location of the upper layer is immediately below the interplate thrust zone and extends down to 70-80 km at a dip of 400-50 ø. Below approximately 100 km, the dip increases dramatically to 70 ø-80 ø. The lower layer commences at 45-50 km and maintains approximately parallel to the upper layer with a separation of 15ñ5 km in between. Below-70-80 km, the separation decreases and they seem to gradually merge into one WBZ.
To avoid further confusion, we propose to term the classic double seismic zones observed beneath Japan and Kuril as "type I" and that we observed as "type II," respectively. A global survey of major subduction zones indicates that type II We interpret the seismogenesis of type II double seismic zones as reflecting the lateral compressive and downdip extensional stresses originating from oblique subduction and slab pulling force, respectively. The upper seismic layer represents seismicity occurring in the upper crust of the subducted plate and/or along the plate interface, whereas the lower layer is associated with events in the uppermost mantle. The scenario is analogous to that observed in a continental setting and basically reflects the variation of rheological strength of subducted materials, with a ductile (aseismic) lower crust sandwiched by a strong upper crust and a strong uppermost mantle (both seismic).
